Introduction
Xylitol is a natural polyol with particular physico-chemical properties, which permit its use either in foods like chewing gum, bakery and chocolate as a sweetener with anticariogenic properties, or in medicines as a sugar substitute for people with erythrocytic glucose-6-phosphate dehydrogenase deficiency (1, 8, 10, 27) . Traditional chemical conversion of xylose into xylitol is rather difficult, has a low product yield and the product recovery requires various expensive operations for separation. The microbial conversion of xylose to xylitol is particularly attractive because the process does not need toxic catalyst and is relatively easy and environmentally safe (21, 26) .
Microbial species are of importance for xylitol production. Xylose can be converted to xylitol by several microorganisms including Pichia (17) , Debaryomyces (6) , Pachysolen (4), recombinant Escherichia coli (25) , recombinant Saccharomyces cerevisiae (18) and also Candida (5, 13, 20) . Among these, Candida ferments xylose to xylitol with high yield and productivity (12, 14, 16, 23) . Xylitol production involves complicated metabolic regulation including xylose transport, key enzymes formation, and cofactor regeneration (9) . To achieve efficient xylitol production from xylose, high concentration, rapid production rate and high yield are desirable. Screening of high efficient xylitol producing microorganisms is very important for industrial application of xylose-to-xylitol microbial conversion. To enhance the feasibility of the xylitol biotechnological process, it is necessary to optimize several process parameters, such as temperature, pH, and oxygen transfer coefficient (K l a), in xylitol production. Despite many papers published in recent years, many published data about K l a are controversial. Some studies reported that optimum K l a values for xylitol production were close to 100 h -1 (1), whereas others described only 47 h -1 K l a values for optimum (28) . Furthermore, few studies were carried out to investigate effect of temperature on cell growth and xylitol production.
The present study screened a high xylitol-production yeast, identified as C. tropicalis W103 by 18S rDNA gene sequence analysis and physiological characteristics. In addition, some of the parameters which influence the xylitol production by the selected C. tropicalis strain are investigated. A two-stage aeration fed-batch culture was developed to improve the final xylitol concentration and productivity.
Materials and Methods

Enrichment and isolation of the strains
The soil samples were collected at Harbin in Heilongjiang province in 2007. The basic medium used for enrichment, isolation and cultivation of xylitol-producing strains was prepared as follows: 5 g l -1 Kh 2 Po 4 , 2 g l -1 (nh 4 ) 2 So 4 , 4 g l -1 yeast extract, 0.5 g l -1 MgSo 4 ·7h 2 o, 20 g l -1 xylose. The initial pH was adjusted by 1M NaOH to 5.5. Xylose in medium was used as substrate to favor the growth of xylose-utilizing microorganisms, because xylose was the only compound that could be used as substrate and converted to xylitol by nature microorganisms. One gram of soil sample was inoculated to a 250 ml flask with 50 ml enrichment medium and then incubated at 35°C and 150 rpm in a rotary shaker. After 24 h of incubation, 1 ml of the culture broth was transferred to another flask with the same enrichment medium and incubated for 24 h. After 3 rounds of such enrichment operation, 1 ml of yeast extract. The biomass concentration in bioreactor at the beginning of the fermentation ranged from 0.29 g l -1 to 0.31g l -1 . The batch or fed-batch cultivations were performed in four 1-liter stirred-vessel bioreactors (Biostat Q1000, B.Braun, Germany) containing 750 ml fermentation medium under 0.3-0.8 vvm air flow. All fermentation experiments were carried out at 35°C and 500 rpm and the broth was sampled every 6-12 h to monitor the xylose and xylitol concentrations. In fed-batch fermentation, after the xylose content in the medium was below 50 g l -1 , a solution containing 500 g l -1 xylose was continuously fed to the bioreactor with a peristaltic pump. The data are average of triplicate experiments.
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Enzymatic assays
Cell extracts for enzyme assays were prepared using YeastBuster tM reagent (Novagen). Protein concentrations were measured according to the Bradford method. Enzyme activity of XR was measured according to the procedure previously described (7). The activity is expressed as units (U) per mg protein, one unit being equivalent to the amount of enzyme needed to consume or produce one mmol of NAD(P)H per minute.
Analytical methods
Xylose and xylitol were analyzed by HPLC (Shimadzu Corp., Kyoto, Japan) with a refractive index detector (RID-10A) and Aminex HPX-87H column (300×7.8 mm, Bio-Rad, USA) at 65°C with 5 mM H 2 So 4 as mobile phase at 0.8 ml min -1 . Cell growth was monitored at 600 nm (Spectrophotometer, Techcomp Instruments, Shanghai, China) and converted to cell dry weight (CDW) by an correlative calibration curve.
The oxygen transfer coefficient (K l a) was determined by the sodium sulfite oxidation method (19) .
Sequencing of 18S rDNA genes and genetic analysis
The genomic DNA was extracted using a Fungal DNA out Kit (TaKaRa Biotechnology (Dalian, China) Co., LTD) following the manufacturer's instructions. PCR amplification of about 1800 bp region of the 18S rDNA gene was done using the primer pair F19: (ACCTGGTTGATCCTGCCA) and R1843 (GGAtccAAGcttGAtccttctGcAGGttcAcctAc).
The double-stranded PCR products were sequenced. The 18S rRNA gene sequences were aligned manually with a representative set of 18S rDNA gene sequences obtained from recent GenBank releases. The secondary structure was used as a guide to ensure that only homologous regions were compared. A total of 1912 nucleotides were sequenced. The 18S rRNA gene sequence of Candida tropicalis W103 has been deposited in the NCBI GenBank under accession number FJ444633.
Physiological characterization
The method for physiological characterizations and species identification was a traditional taxonomy method. A Biolog automated microbiological system (Biolog MicroStation, USA) was used for the physiological characterization studies. Physiological characterizations, such as carbon sources utilization and special enzyme activities, were detected in the Biolog automated microbiology system.
Results and Discussion
Strain enrichment, screening and isolation The soil samples were enriched in a basic growth medium at 35°C for 3 rounds. When the broth composition was analyzed, xylitol was detected in the enrichment broth of the third round. It implied that xylitol producing microorganisms existed in the medium, and might be in a higher density. After streaking on agar plates, 40 yeasts clones were chosen for xylitol production detection. Five clones exhibited high xylitol production ability. These clones were further purified, and the clone W103 with the highest xylitol production ability was selected for this study.
Strains identification
The isolated strain W103 was taxonomically identified based on the approach of 18S rDNA genes and physiological characteristics. The 18S rDNA of W103 was amplified, cloned and sequenced. Sequence alignment in NCBI revealed a 99% similarity to the sequence of C. tropicalis.
The physiological characterizations method for species identification was done to validate the 18S rDNA genes identification. Strain W103 can utilize glucose, sucrose, fructose, maltose, arabinose, mannose, xylose as carbon source. It showed both catalase-and oxidase-positive reactions and was an aerobic microorganism. The final result of physiological character of strain in Biolog automated microbiology system strongly suggested that W103 strain was a strain of C. tropicalis, which was coincident with the results of 18S rDNA genes analysis. Thus, it allows us to classify the W103 strain as one that belongs to the C. tropicalis.
Batch fermentation for xylitol production using C. tropicalis W103: effect of initial xylose concentration on xylitol production The initial xylose concentration was varied from 60 to 160 g l -1 to evaluate the effect of the initial xylose concentration on the fermentation parameters of C. tropicalis W103 ( Table  1) . Increasing the initial xylose concentration, the final xylitol concentration was also increased. Maximum specific growth rate of 0.2 h -1 was the highest at 80 g l -1 xylose. Sirisansaneeyakul et al. reported that increasing xylose concentration resulted in increasing rates of xylose uptake and xylitol formation at similar specific growth rate (24) . The volumetric xylitol productivity and yield were maximal at 120 g l -1 initial xylose concentration. However, increasing further the xylose concentration to 160 g l -1 , led to a drastic decrease in cell growth and volumetric productivity. This phenomenon can be explained by substrate inhibition and/or osmotic pressure (12) .
Batch fermentation for xylitol production using C. tropicalis W103: effects of temperature, pH and oxygen mass transfer coefficient (K L a) on xylitol production As shown in Table 2A , with the increase of the culture temperature, the biomass decreased gradually. However, the xylitol concentration increased gradually when the culture temperature was increased from 30 to 35°C. According to previous reports (25) , xylose reductase (XR) activity is increasing from 25 to 50°C. Higher temperature results in higher xylitol production because of higher XR activity. This could be one reason for the observed increase in xylitol production when the temperature of media was maintained at 30-35°C. Although the XR activity is high at 45°C, due to then an obvious decrease in biomass, there was an obvious decrease in xylitol volumetric productivity. Thus, the optimum temperature for xylitol production by the strain C. tropicalis W103 was around 35°C.
The influence of pH on cell growth of C. tropicalis in the pH controlled fermentation bioprocess was significant ( Table 2B) . The low pH inhibited the cell growth and xylitol production. At pH 2.5, little cell growth (3.91 g l -1 ) and little xylitol (54.2 g l -1 ) were produced. At pH 6.5, the similar phenomena were observed. The maximum concentration of xylitol was obtained at pH 4.5 media, and the volumetric productivity and yield were 1.37 g l -1 h -1 and 0.73 g g -1 , respectively. In xylose-xylitol bioconversion a key operational parameter is the available oxygen for the microbial cell growth. Therefore, batch fermentations under different initial K l a values were carried out to study the influence of K l a on xylitol production. At the lowest K l a of 10.8 h -1 , due to limitation of oxygen supply, the biomass was only 4.71 g l -1 , thereby decreasing the xylitol productivity. With increased K l a, xylose consumption rate was enhanced and more biomass was produced but xylitol production yield was gradually decreased. The maximum yield (0.73g g -1 ) and volumetric productivity (1.43 g l -1 h -1 ) of xylitol were obtained at K l a 16.5 h -1 and 18 h -1 , respectively. Further increasing to K l a 20 h -1 , both xylitol productivity and yield were decreased, indicating that high dissolved oxygen condition is detrimental. To keep the high xylitol productivity and yield, the reasonable K l a should range from 16.5 h -1 to 18 h -1 .
Batch fermentation with two-stage aeration strategy
Based on the above single factor experiments, batch fermentations were performed at pH 4.5, 35°C. In this case, two-stage aeration strategy was applied. In the first 24 h fermentation, K l a 18 h -1 was applied for more vigorous cell growth. After 24 h, the K l a was shifted to 16.5 h -1 . The time courses of xylitol production by C. tropicalis W103 with two-stage aeration is presented on Fig. 1 
Xylitol production by fed-batch fermentation
In view of the high cost of xylitol recovery from aqueous solution, an economical production of xylitol from xylose requires not only to improve product concentration and productivity, but also to keep a low residual xylose in broth (22) . To get a high productivity and high final xylitol concentration, fed-batch fermentations were performed under optimal conditions and two-stage aeration strategy. The substrate xylose levels were regulated to 40-55 g l -1 during 24-96 h in fermentation.
As indicated on Fig. 2 that the concentration of xylitol in fermentation broth increased quickly in 6-36 h and the concentration at 36 h was 69.6 g l -1 . The fed-batch fermentation had the highest productivity (approximately 2.5 g l -1 h -1 ) between 24 and 36 h. After 36 h, the xylitol productivity decreased gradually. XR specific activity increased during the course of fermentation to reach a maximum at 36 h, then decreased until the end of the process. Although the biomass is still increasing after 36 h, due to then a decrease in XR specific activity, there was a decrease in xylitol volumetric productivity. At the end of the process, the concentration of xylitol was 218.7 g l -1 , with a whole productivity of 1.82 g l One aim of this work was to isolate microorganisms which were suitable for producing xylitol from xylose with high production. Generally, an increase in the initial sugar concentration leads to increases in the productivity and yield in a batch process if the microorganisms can tolerate a higher concentration of sugar and a higher osmotic pressure. However, the xylose inhibition on the growth of C. tropicalis W103 was even more severe than that on C. parapsilosis KFcc 10875 and C. tropicalis HY200, which were able to grow up to 150 g l -1 or 200 g l -1 xylose respectively (12, 14) . The profiles of xylitol bioproduction and the main enzymes (XR and XD) involved in xylose assimilation to xylitol were greatly influenced by the available oxygen (3). Kim et al., using Candida parapsilosis, studied the effect of different dissolved oxygen on xylitol production, XR and XD specific activities.
They observed that high level of activity of XR (reduction of xylose to xylitol) gave a high level of xylitol production. The activity of XR reached the maximum at a dissolved oxygen concentration of 0.7%. However the activity of XD always increased with increasing dissolved oxygen concentration. The high level of acitivity of XD led to most of xylitol being converted to xylulose, which was further metabolized to cell material; thus less xylitol but more cells were accumulated (14) . As can be deduced from our data obtained, the overall metabolism was accelerated and biomass production was increased with an increasing K l a from 10.8 h -1 to 16.5 h -1 . Further increasing K l a to 18.3 h -1 , xylose consumption rate was still enhanced and more biomass was produced but xylitol yield decreased. This could be explained by higher XD activity at K l a 18.3 h -1 , which led to some xylitol conversion to xylulose and consequent cells. Compared with single stage aeration strategy, a two-stage aeration strategy (0-24 h, K l a 18.3 h -1 ; after 24 h, shift K l a to 16.5 min -1 ) is effective for improving final xylitol concentration and productivity due that higher K l a in 0-24 h favors producing more biomass and lower K l a after 24 h benefits to lower the XD activity.
Ikeuchi et al. reported a xylitol production of 256 g l -1 using Candida sp. over a period of 276 h in a flask culture, which is the highest previous reported xylitol yield from xylose using fed-batch fermentation (11) . The xylitol production rate of C. tropicalis W103 in present work was 1.8 times higher than that of Candida sp. used (Table 3) xylitol from 270 g l -1 xylose after 120 h by C. tropicalis KCTC 7221 using a chemically defined medium that included urea and various vitamins (15) . It should be pointed out that C. parapsilosis KFcc 10875, C. tropicalis Kctc 7221 and C. tropicalis HY200 grew faster and easily reached a higher biomass concentration (12 g l -1 , 17 g l -1 and 33.3 g l -1 , respectively) under high K l a conditions. As shown in Fig. 2 , the biomass for C. tropicalis W103 is only 7.29 g l -1 . Though the xylitol volumetric productivity of C. is the highest, which means the highest XR specific activities. Therefore, the level of volumetric productivity of the C. tropicalis W103 can be further improved by increasing the biomass concentration and optimizing the production conditions. Separation of the growth phase and the production phase should be advantageous in designing more flexible processes.
Conclusions
In summary, we reported herein a novel yeast C. tropicalis W103 that provides high level production of xylitol at high specific productivity. A two-stage aeration strategy was developed for improving final xylitol concentration and productivity, thus indicating a possibility of application for industrial use. Moreover, the research on selected strain will contribute to a better understanding of regular properties of xylose metabolism in different yeasts.
